Introduction
The prostatic epithelium, comprised of basal cells, secretory luminal cells and rare neuroendocrine cells, can serve as an excellent model to study stem cell biology due to its ability to regress and regenerate after repeated rounds of androgen deprivation and restoration in mice and rats 1, 2 . Using sub-renal capsule tissue regeneration, lineage tracing, cell division mode analyses or 5 organoid-forming assays, we and others have demonstrated the existence of prostate stem/progenitor cells in both basal and luminal prostate epithelia [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, none of the existing markers for basal stem cells (CD117, CD133, CD44, Trop2, CD49f, Sca1, etc.) 8, 15, 16 is exclusively found in the basal cell compartment. Despite the long-term postulation that basal cells contain more primitive prostate stem cells due to their resistance to castration, capability to differentiate into 10 basal, luminal and neuroendocrine cell lineages of the prostate epithelium, and susceptibility to oncogenic transformation 6, 8, 15, [17] [18] [19] [20] [21] , the identity and nature of the prostate basal stem cells (PBSCs)
within the heterogenous basal cell epithelia have not been elucidated.
In the present study, we identify a PBSC subpopulation that expresses Zeb1, an important EMT inducer 22, 23 , through both in vitro and in vivo functional, lineage tracing and genetic ablation 15 analyses. Furthermore, we integrated single-cell RNA sequencing with computational data analysis, a powerful approach that is lately developed to map cellular diversity of a given tissue, i.e., cortical neurons 24 and cancer related immune cells 25 , etc., to examine the prostate basal cell compartment.
Our single-cell transcriptomics data provide additional supporting evidence for the existence of Zeb1-expressing PBSCs and uncover their gene expression profile.
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Results
Zeb1 is exclusively expressed in a prostate basal cell subpopulation and more frequently detected in the urethra-proximal region EMT has been previously considered to occur only in early embryonic development or pathological conditions, including tumor metastasis and wound healing 26 . Expression and function 5 of core transcriptional factors such as Zeb1/2, Snai1/2, Twist1/2 which are required for EMT induction, have not been examined in normal prostate epithelia under physiological condition.
Compared to prostate luminal cells, basal cells expressed low levels of epithelial-cell specific genes such as miRNA200 family 27 and E-cadherin 3 and exhibited a more mesenchymal-like phenotype. We therefore asked whether core EMT inducers are present in normal prostate basal 10 cells. Immunofluorescent analysis of prostate sections showed that less than 1% of basal cells were positively labeled for Zeb1 immunostaining (Fig. 1a, b To better characterize and to more easily enrich the Zeb1 + prostate epithelial cells, we established a tdTomato knockin mouse model in which the coding sequence of tdTomato fluorescent reporter was linked to the last exon of Zeb1 by a P2A element (Fig. 1c) . Using 20 immunofluorescent co-staining of Zeb1 and RFP on mouse prostate sections, we confirmed that the tdTomato labeling faithfully reflected the endogenous expression of Zeb1 (Fig. 1d) . TdTomato positive cells were only found in prostate basal cells (marked by CK5 immunostaining) but not 5 from luminal cell compartment (labeled by CK8 immunostaining) (Fig. 1e) . The Zeb1 + /tdTomato + prostatic basal cells were more frequently detected in the urethra-proximal region relative to the distal region, the location where prostate stem cells were suggested to reside 8, 30, 31 (Fig. 1f, 1h and Supplementary Table 1 ). In addition, we found that the percentage of Zeb1 + /tdTomato + basal cells declined from 2.2% at postnatal day 3 (P3) to 1.0% at P21 as the prostate development proceeded, 5 and decreased to 0.5% at adulthood ( Fig. 1i and Supplementary Fig. 1d, 1f ). Pbsn expression further 5 confirmed differentiation of functional secretory luminal cells ( Supplementary Fig. 1f ). In addition, Zeb1 + grafts expressed the mouse β-integrin, which validated their mouse origin and indicated that they were not produced from the contamination of rat epithelial cells from the preparation of rat UGM cells ( Supplementary Fig. 1f ). We further verified that the generated prostate tissues were originated from Zeb1 + donor cell grafts by positive staining of an MHC class I haplotype H-2k
protein that is specifically expressed in C57BL/6 but not host athymic mouse cells ( Supplementary   Fig. 1f ). basal, luminal and neuroendocrine cell lineages were generated from 36 single Zeb1 + basal cell transplants ( Fig. 2g-q) . In contrast, only 3 prostates were produced from 33 single Zeb1 -basal cell xenografts ( Fig. 2g-q 
Zeb1 is required for development of prostatic basal cells
We then asked whether Zeb1 was functionally required for normal prostate development.
To that end, we first utilized the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system to achieve Zeb1 gene knockout in prostate organoids in vitro (Fig. 4a) . Efficient Zeb1 deletion in mouse primary prostate epithelial cells was 5 validated by immunoblotting (Fig. 4b) were subjected to unsupervised Seurat clustering and projected onto two dimensions by tdistributed stochastic neighbor embedding (t-SNE). After removal of low-quality and contaminated non-epithelial cells ( Supplementary Fig. 3e , f and 4), this led to a total of 9 prostate basal cell clusters (Cluster 1-9 or termed as C1-C9) (Fig. 5a ). Importantly, we further found that while all other basal cell clusters displayed high levels of epithelial genes, the cell cluster C7, Table   2 ). Detailed analysis of highly variable genes in C7 showed that Zeb1 was exclusively expressed in C7 (Fig. 5a , b and Supplementary Table 2 ). Other EMT transcriptional factors including Zeb2, Snai1, Prrx1 and Prrx2 were also highly transcribed in C7 (Fig. 5a , b and Supplementary Table   20 2). This EMT-like cell cluster can also be identified through the Monocle cell clustering method ( Supplementary Fig. 5a , b). Interestingly, when we used statistical and computational frameworks to delineate the differentiation states of the 9 cell clusters, both monocle and diffusion map scripts 10 indicated that C7 was at one of the tips in the lineage tree ( Supplementary Fig. 5 ). Collectively, the unbiased examination of single-cell gene expression profiles of prostate basal cells further substantiates a unique Zeb1 expressing basal cell subpopulation with the mesenchymal gene signature.
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Wnt signaling pathway is enriched in Zeb1 + basal cells
As an effort to uncover signaling pathways that are enriched in the cell cluster C7, we applied gene ontology (GO) enrichment analysis to the single-cell RNA-seq data. Coincidently, we found that the Wnt signaling pathway, which we have reported recently to promote self-renewal of prostate cancer stem cells 35 , was one of the top hits preferentially presented in the cluster C7 ( identification of potential cellular origin for cancer.
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Methods
Animals
Pregnant SD rats (E17) and athymic nu/nu male mice (7 weeks old) were purchased from Shanghai Slac laboratory animal company. Zeb1/tdTomato reporter mice were generated by the CRISPR- Ranger Single Cell Software was used to process raw sequencing data and to align reads to the mm10 mouse reference genome. Raw gene expression matrix produced by 10x Genomics workflow were first processed by the Seurat package. Cells with less than 5000 unique molecular identifiers (UMIs) or less than 1400 genes detected or more than 5% UMI mapped to mitochondria 5 genes were removed ( Supplementary Fig. 3e, f) . This led to 9833 high-quality single-cell RNA-seq data with an average gene detected to be around 2703 ( Supplementary Fig. 3f ). 1606 variable genes were selected based on their expression and dispersion (expression cutoff=0.0125 and dispersion cutoff=0.5). The first 12 principal components were used for clustering analysis (resolution=0.5) and t-SNE projection. This identified a total of 10 clusters ( Supplementary Fig. 4a ). Violin plots of Hospital. Human sample collection and handling protocols were approved by the Ren Ji Ethics committee.
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UGM stromal cell preparation
The UGM isolation procedures has been described previously 43 . Briefly, E17 embryos from pregnant SD rats were sacrificed and urogenital sinuses were collected. The UGM was separated from the urogenital sinus epithelium and then digested with 1X collagenase/hyaluronidase solution 15 on a shaker for 90 min at 37℃. The UGM was washed with PBS once and then placed in 0.25%Trypsin/EDTA for 6min at 37℃. UGM single cell suspension was seeded to cell culture dishes and cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 2mM glutamine, 100U/ml penicillin and 100mg/ml streptomycin in vitro for at least 1 week. 
Generation of CRISPR/Cas9 mediated Zeb1 knockout prostate organoids
The lentiCRISPRv2-mCherry plasmid containing cas9 and Cherry fragments was purchased from Addgene (#99154, kindly deposited by Dr.Agata Smogorzewska). Then the Cherry fragment was exchanged for GFP fragment via enzymatic digestion and connection followed by sgRNA cloning. 
RNA extraction and quantitative-PCR analysis
Total RNA was extracted from FACS purified Zeb1 + (Lineage were then subjected to a blocking step in 10% donkey serum solution for 1 hr at room temperature.
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Primary antibodies, diluted in 1% donkey serum, were added to sections overnight at 4℃. After thorough wash with PBS buffer, secondary antibodies were applied and incubated for 1 hr at room temperature. Sections were rinsed at least three times with PBS before being mounted by Vector Shield mounting medium containing DAPI. Antibodies used in the study is listed in Supplementary   Table 5. 5
Immunohistochemistry
Paraffin-embedded prostate tissue sections were deparaffinized and rehydrated following conventional methods. Harris modified hematoxylin solution (Sigma) was applied to sections for 5 min followed by water washing. Then 1% Eosin solution (Sigma) was applied to sections for 3 min. 10 After thorough wash, sections were mounted using neutral balsam.
Castration and androgen replacement
Zeb1 reporter mice were surgically castrated. Three weeks later, mice were given dihydrotestosterone (MCE, HY-A0120) dissolved in sterile corn oil via intraperitoneal injection 15 twice a day (50ug/d) for prostate regeneration. Prostate collected at indicated regeneration stages (regressed, regenerated, and recovered stages post testosterone administration) for analysis.
Statistical analysis
We used the ImageJ 1.46r software to quantify positive stained cells. All statistical analysis was 20 evaluated using a two-tailed Student's T-test and a p-value<0.05 was defined to be significant.
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Data and materials availability: The single cell RNA-seq raw data used for this study are available at the GEO web with the accession number GSE111429. Codes used are deposited to the website https://github.com/HelenHeZhu/StemCell. All other data is available in the main text or the supplementary materials.
